Abstract. The récepteur d'origine nantais (RON) gene is a proto-oncogene that is responsible for encoding the human macrophage-stimulating protein (MSP) 1 receptor. MSP activation induces RON-mediated cell dissociation, migration and matrix invasion. Isoforms of RON that exclude exons 5 and 6 encode the RONΔ160 protein, which promotes cell transformation in vitro and tumor metastasis in vivo. Premature termination codons (PTCs) in exons activate the nonsense-mediated mRNA decay (NMD) signaling pathway. The present study demonstrated that PTCs at various locations in the alternative exons 5 and 6 could induce NMD of the majority of the spliced, or partially spliced, isoforms. However, the isoforms that excluded exon 6 or exons 5 and 6 were markedly increased when produced from mutated minigenes with inserted PTCs. Furthermore, the unspliced isoform of intron 5 was not observed to be decreased by the presence of PTCs. Notably, these effects may be dependent on the location of the PTCs. The current study demonstrated a novel mechanism underlying the regulation of NMD in alternative splicing.
Introduction
Récepteur d'origine nantais (RON) is a receptor tyrosine kinase and a member of the hepatocyte growth factor receptor proto-oncogene family (1) . The RON gene encodes the macrophage-stimulating protein (MSP) 1 receptor (1) . The activation of RON by MSP induces tumor progression and invasion, whereas the inactivation of RON promotes cell apoptosis (2) (3) (4) . RON is a heterodimeric protein with a disulfide bond linking a 40-kDa α chain, containing the extracellular domain for ligand binding, and a 150-kDa β chain, incorporating the intracellular kinase domain and a transmembrane domain (5, 6) . The binding of MSP to RON activates the intrinsic kinase activity and induces autophosphorylation of the tyrosine residues in its kinase domain (7) . Alternative splicing of the RON pre-mRNA produces various proteins, each with distinctive functions (8) . RONΔ165, which is produced by the exclusion of exon 11, has previously been observed to accumulate in breast and colon cancer cells, where it acts to stimulate invasive cell growth and metastasis (9, 10) . Previous studies have demonstrated that serine/arginine-rich splicing factor (SRSF) 1 and heterogeneous nuclear ribonucleoprotein A1 regulate the epithelial-to-mesenchymal transition through the regulation of exon 11 alternative splicing in RON pre-mRNA (10, 11) . Our previous study also identified SRSF2 as an important regulator protein for the alternative splicing of exon 11 (12) . Another isoform, RONΔ160, is produced by the exclusion of exons 5 and 6 and lacks the first immunoglobulin-plexin-transcription domain in the extracellular β chain, and therefore induces cellular transformation, metastasis and protects tumor cells from apoptosis (13) (14) (15) . The mechanisms underlying the alternative splicing of exon 5 and 6 require further exploration.
Pre-mRNA splicing is required for gene expression in higher eukaryotes, as introns must be removed from pre-mRNA and protein-coding exons must be ligated (16) . mRNA splicing is a two-step procedure. Initially, the 5' splice site is cleaved and two splicing intermediates are generated, a linear first exon and an intron-second exon RNA species in a lariat configuration (17); a 2'-5' phosphodiester bond is formed between the guanine at the 5' splice site and the 2' hydroxyl of an adenine at a branch point (18) . Secondly, the 3' splice site is cleaved and the two exons are ligated together to generate the spliced mRNA (19) . Nonsense-mediated mRNA decay (NMD) is a method of eliminating aberrant mRNA transcripts that contain premature termination codons (PTCs) (20) . If PTCs are included in mRNA, or partially spliced mRNA, through alternative splicing, then NMD may occur (21) . NMD has a role in the quantitative posttranslational regulation of gene expression through specific alternative splicing (22, 23) ; however, the underlying regulatory mechanisms require further studies to be fully elucidated.
The results indicated that PTCs at specific locations affect the splicing and NMD of various isoforms to alternate degrees. These results may be applicable in treating certain types of Effects of PTCs on nonsense-mediated mRNA decay are dependent on PTC location
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cancer, decreasing cancer-specific or metastasis-specific RNA isoforms via inducing PTCs using gene editing.
Materials and methods
Plasmid construction. RON exon 4-7 sequences were amplified from human genomic DNA using E4Bam.F and E7Xho.R primers (Table I) ; the products were cloned into a pcDNA3.1 (+) vector at BamHI and XhoI cleavage sites to produce a minigene. E5/SC-1, E5/SC-2, E6-7/SC-1 and E6-7/SC-2 constructs were made using overlapping polymerase chain reaction (PCR); the aforementioned minigene provided the template, and following primers were used: E5-M1.F/E5-M1.R for the E5/SC-1 minigene, E5-M2.F/E5-M2.R for the E5/SC-2 minigene, E6Tins.F/E6Tins.R and E7Gdel.F/E7Gdel.R for the E6-7/SC-1 minigene, and E6Ains.F/E6Ains.R and E7Tdel.F/E7Tdel.R for the E6-7/SC-2 minigene. The PCR cycling settings were as follows: 5 min at 95˚C, followed by 30 cycles of denaturation for 15 sec at 95˚C and annealing for 1 min at 60˚C. A 0.5 unit Taq DNA polymerase (Cosmo Genetech Co., Ltd., Seoul, Korea) and 0.2 mM dNTPs (Cosmo Genetech Co., Ltd.) were used in the PCR reaction. All of the primer sequences are listed in Table I .
Cell culture and transfection. MDA MB 231 cells (ATCC, Manassas, VA, USA) were grown in RPMI 1640 medium (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS) (HyClone; GE Healthcare Life Sciences) at 37˚C with 5% CO 2 . Polyethylenimine (PEI; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) was used to transfect the minigenes into the cells.
Reverse transcription (RT)-PCR.
A RiboEx reagent (GeneAll Biotechnology Co., Ltd., Seoul, Korea) was used to extract the total RNA from the cells. A total of 40 units ImProm-II™ reverse transcriptase (Promega Corporation, Madison, WI, USA) was used to reverse transcribe 1 µg RNA with 100 pmol oligo dT and 0.2 mM each dNTP in 20 µl reaction. The RT reaction product (1 µl) was amplified by PCR using G-Taq polymerase (Cosmo Genetech Co., Ltd.) and the following PCR settings: Denaturing for 5 min at 95˚C, followed by 32 cycles of denaturation for 15 sec at 95˚C and annealing for 1 min at 60˚C. The spliced products of the minigenes were detected with Exon4.F and pcDNA.R primers. The PCR products were loaded onto 1% agarose gel and run at 100 V for 30 min. following EtBr staining, the DNA bands were cut and dissolved using a Gel Extraction kit (Cosmo Genetech Co., Ltd.), then sent for sequencing to confirm the identity of the bands. All of the primer sequences are listed in Table I .
Results

PTCs in exon 5 do not cause degradation of all spliced and partially spliced isoforms from RON pre-mRNA.
To observe the effects of PTCs on RON pre-mRNA splicing, a minigene was constructed, in which a TGA stop-codon was produced through a T-A point mutation, located 51 nucleotides (nt) downstream from the 3' splice-site of exon 5 (E5/SC-1; Fig. 1A ).
RT-PCR analysis of the wild type (WT) minigene revealed that the following isoforms were produced: An isoform in which intron 4 is spliced but other introns are not spliced (I4/ex); an isoform in which intron 4 and intron 6 are spliced but intron 5 is not spliced (I4I6/ex); an isoform in which cryptic spliced site in intron 5 activated (I5/p/ex) (24) ; an isoform in which both exon 5 and 6 are included (E5E6/in); and an isoform in which exon 5 is included but exon 6 is excluded (E5/in; lane 2; Fig. 1B ). The results of the current study were consistent with the prior hypothesis that PTCs in exons induce and regulate the NMD signaling pathway. RT-PCR analysis of the E5/SC-1 minigene revealed that I4/ex was markedly decreased and the I5/p/ex, E5E6/in and E5/in isoforms were almost absent. However, the expression of the I4I6/ex isoform from this mutated minigene was not observed to differ from that of the WT product. The results of the current study indicate that, although most isoforms were reduced significantly by PTCs on exon 5, a partially spliced isoform still survived in the mutant minigene.
Different PTC locations in exon 5 have various effects on the NMD of the spliced and partially spliced isoforms of RON pre-mRNA. It was hypothesized that changing the location of the PTCs in RON exon 5 may affect the alternative splicing of exons 5 and 6 in RON pre-mRNA. A second mutant minigene was constructed, in which a stop-codon was produced 91 nt downstream from the 3' splice-site of exon 5, through a G-T point mutation (E5/SC-2; Fig. 1A ). It was observed that the majority of the exon isoforms, including I4/ex, I4/I6/ex, I5/p/ex and E5E6/in, were markedly reduced in the E5/SC-2 minigene (Fig. 1B; lane 4) ; however, the E5/in isoform was not reduced in this mutant. Thus, the E5/in isoform was resistant to degradation by the PTC-mediated NMD signaling pathway. The results (Fig. 1B) indicate that, although PTCs on exon 5 induced a marked decrease in the majority of the spliced or partially spliced mRNA isoforms, specific isoforms may still survive the PTC-induced NMD. However, the identities of the surviving isoforms are dependent on the location of the PTCs in the RON pre-mRNA.
PTCs produced by inserting T or A nts do not induce NMD of specific isoforms.
The current study investigated whether the PTCs produced by inserting a T residue in exon 6 may have similar effects on RON pre-mRNA splicing. To ensure that the spliced product was still capable of encoding the protein, a T residue was also deleted from exon 7. In the E6-7/SC-1 minigene, the inserted T was located 7-nt upstream from the 5' splice site of exon 6, and the deleted G residue was located 7-nt downstream from the 3' splice site of exon 7 ( Fig. 2A) . The RT-PCR results of the E6-7/SC-1 minigene were consistent with the PTC-mediated NMD hypothesis, and demonstrated that the majority of spliced or partially spliced isoforms, including I4/ex, I4I6/ex, I5/p/ex and E5E6/in, were markedly decreased compared with the WT minigene. However, the production of the isoform wherein exon 5 was included but exon 6 was excluded (E5/in) was markedly increased. Furthermore, the isoform in which both exons 5 and 6 were excluded (E5E6/ex) was markedly increased; E5E6/ex was not produced from the WT minigene. Thus, E5/in and E5E6/ex were observed to survive the NMD signaling pathway.
The present study further investigated whether the effects of inserted PTCs were dependent on their respective location. An A residue was inserted 64-nt upstream from the 5' splice-site of exon 6, and a T residue was deleted 66-nt downstream from the 3' splice-site of exon 7 (E6-7/SC-2). The results demonstrated that, although I4/ex, I4I6/ex, I5/p/ex and E5E6/in isoform production from the E6-7/SC-2 minigene was markedly decreased, E5/in isoform was also significantly increased in the E6-7/SC-1 and E6-7/SC-2 minigenes. In addition, the E5E6/ex isoform was more markedly increased in the E6-7/SC-2 minigene than in the E6-7/SC1 minigene ( Fig. 2B ). In conclusion, the results demonstrated that PTCs created through both the insertion and the deletion of certain nts may induce a marked decrease of the majority of spliced or unspliced isoforms, but also stimulate the production of specific isoforms, of RON pre-mRNA.
Discussion
It has been demonstrated in a previous study that mutations in minigenes can affect the splicing of alternative exons (12) . The results of the present study confirmed that the differential location of PTCs on alternative exons 5 and 6 may induce NMD of the majority of the spliced or partially spliced exon isoforms. A minority of RON alternative-splicing products, exon 6 excluded (E5/in), exon 5 and 6 excluded (E5E6/ex) and intron 5 unspliced isoforms, were observed to have survived the NMD pathway. Furthermore, the varieties of these isoforms are dependent on the location of PTCs in the mRNA. Therefore, the current study provided an insight into the regulation of NMD in alternative splicing.
The present study investigated the effect of PTC-mediated NMD on the alternative splicing of the RON proto-oncogene. The results of the current study were consistent with those of previous reports, demonstrating that PTCs, created by the substitution or insertion of nts, induce NMD of the majority of spliced or unspliced isoforms, as indicated by the significantly decreased production of these isoforms. However, by contrast with previous hypotheses (25) , specific isoforms of alternatively spliced RON pre-mRNA were not reduced or increased as a consequence of the mutations. The isoform identities varied in the mutant minigenes that harbored PTCs at alternative locations on exons 5 or 6, and were created using different approaches. It was observed that the isoform that includes exon 5 but not exon 6 (E5/in) was increased in the majority of stop-codon-including minigenes; thus the E5/in isoform may have included an RNA sequence that was resistant to degradation by the NMD signaling pathway. The results of the current study also demonstrated that E5E6/ex was increased in the presence of certain PTCs. The underlying mechanisms that may allow these isoforms to resist the NMD signaling pathway must be determined through further studies. It is possible that these isoforms possess specific sequences that facilitate the recruitment of anti-NMD signaling pathway proteins, and also include the sequences that promote alternative splicing.
Although it was previously reported that PTCs cause degradation of mRNA through NMD, the results of the present study indicated that PTCs located at different positions may induce the survival of various spliced or unspliced isoforms. Thus, in addition to inducing NMD, PTCs have other important roles in the survival of spliced, unspliced and partially spliced isoforms. The results suggest that the insertion of PTCs at specific positions by gene editing may potentially enhance the survival of the isoforms that encode tumor suppressors or metastasis suppressors. Similarly, the insertion of PTCs at other specific positions could cause degradation of the isoforms that produce oncogenes or tumor metastasis genes.
